Today, there are increasingly more motorcycles on the roads and the number of motorcyclists killed is greater than the number of motorists killed. The safety of powered two wheelers (PTWs) is an important issue for public authorities and road administrators. In 2014, in France, PTWs represented only 2% of traffic, but 24% of accidents and 18% of facilities. European governments have made this particular point a priority for road safety for the next decade. Yet, they are vulnerable road users for which few studies have been conducted on their behaviour and interaction with road infrastructure. Observation of their behaviour and interaction enables public authorities to understand causes in order to propose actions to improve safety for this category of road user. In this context, we developed a new tool to analyse motorcyclist behaviour in relation to road infrastructure. This tool is a motorcycle with average engine capacity. It is fitted out non-intrusive sensors so that motorcyclists can ride in real conditions. The motorcycle is equipped with multi-sensor and multi-video architectures. Both architectures are synchronised, enabling qualitative data to be paired with objectives data. Data collected includes GPS position, three axial accelerations and rotations and motorcyclist actions on the motorcycle (for example, braking, flashing, etc.). The video architecture consists of three cameras. The first observes the motorcyclist's environment. The second is positioned on the motorcyclist's helmet to observe head movements and the third films the road surface to detect lateral position and give an idea of road conditions. The objective is to obtain quantitative data to analyse motorcyclists' dynamics in relation to road infrastructure. The tool will also help to understand interaction between different road user groups, particularly interaction between motorists and motorcyclists. Results will enable road managers to take into account the coexistent status of motorcyclists and motorists. In this study, we focus on motorcycle behaviour on urban roundabouts. Experimentation with a panel of motorcyclists was conducted. The influence zone was determined using driving parameters.
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Abstract
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Introduction
The safety of powered two wheelers (PTWs) is an important issue for public authorities and road managers. In France, since 2002, road safety has increased but the number of accidents involving PTWs is high.
In 2014, in France, PTWs represented 18% of fatalities but just 2% of road traffic (ONISR, 2014) . The risk of getting killed on a motorcycle is 24 times higher than in a car. Yet, there is a lack of data and information on motorcycle use and motorcycle interactions with other road users and road infrastructure. Consequently, motorcyclist behaviour is not taken into account in road design guidelines at the present time. Espie et al. (2010) studied interaction between PTW' accidents and infrastructure. Cossalter et al. (2002 Cossalter et al. ( , 2015 and Slimi et al. (2013) developed a model to simulate motorcycle dynamics.
However, there is no research on motorcycle dynamics and behaviour in relation to road infrastructure or characteristics. The first study carried out was dedicated to roundabouts especialy to analyse the behaviour of motorcyclists when approaching (upstream section), crossing the roundabout and the reacceleration in the downstream section. A previous study with an instrumented car allowed to make comparisons between the two types of vehicles .
In the next sections, we will present the experiment protocol defined and give the main results for PTWs. The final section introduces a discussion for the comparison between PTWs and passenger cars in relation with current design recommendations for roundabouts. Violette et al. (1992) explored the kinematics of passenger cars when approaching and negotiating roundabouts, in order to acquire knowledge on the interactions between the way cars are driven and the characteristics of roundabouts. This study was carried out in situ with a panel of drivers required to drive an instrumented vehicle (Violette et al., 1990) . This paper presents the results of a similar approach using motorcycles with the same overall objective. The study mainly focuses on determining the kinematics of motorcycles at roundabouts based on the measurement of the paths and actions adopted by motorcyclists.
Experimental protocol
A significant amount of data was collected to conduct this research using the Motorcyclist Behaviour Analysis Motorcycle (MACC). Fifteen motorcyclists followed a forty-kilometre route on which they navigated eleven roundabouts. The motorcycle is equipped with several sensors to assess the behaviour of motorcyclists interacting with road infrastructure in natural driving conditions. Equipment includes the following sensors: a camera to film from the front and show the motorcyclist's surroundings, an inertial system to obtain the motorcycle's acceleration and lean angles, a GPS receiver to locate the motorcycle and measure its speed, modules to record the actions of the motorcyclist on the vehicle (applying the brakes, using the lights and indicators, turning the throttle, etc.). 
Panel of motorcyclists
A panel of 15 motorcyclists was required to conduct the experiment. They were selected based on the following criteria:
2 highly experienced motorcyclists (more than 5,000 km/year), 5 experienced motorcyclists (3,000 to 5,000 km/year), 8 inexperienced motorcyclists (less than 3,000 km/year), 12 male drivers, 3 female drivers.
The route
The roundabouts studied are located on a route approximately 40 km long. The motorcyclists were not informed of the purpose of the experiment, and were instructed to ride in a natural manner. Each motorcyclist took this route once. The experiment was conducted from June to September 2010. To minimise the inconvenience caused by traffic, the measurements were taken during off-peak hours between 10am and 11am, and between 2pm and 3pm. 
Roundabout's locations and characteristics
Analysing the measurements
Analysis protocol
The videos helped us separate the passages with free trajectories (no vehicle in interaction with the MACC). Only data collected from free motorcycle passages were analysed.
We divided the roundabout into three areas corresponding to three specific driving methods:
Upstream zone (250/200 meters before entry to roundabout), Negotiation zone, Downstream zone (approx. 200 meters after entry to roundabout).
These three areas make up the influence area of roundabouts. To analyse the behaviour of motorcyclists, we observed the following parameters, collected at a frequency of 50 Hz: release of the throttle, application of the brakes (without distinction between the front and rear brakes), deceleration, acceleration, speed, distance travelled.
Each parameter is referenced in relation to the distance. The origin selected is the entry to the roundabout, i.e. the signal stop line. The origin enables a realignment of all motorcycle passages on a given roundabout using a common scale, thus enabling comparisons.
Upstream zone
The approach area is limited to 250 metres before entry to the roundabout. This is the area where drivers switch from their cruise speed to a speed that is compatible to enter the roundabout.
Mean deceleration on approach
We calculated the mean deceleration over a distance of 150 m on approach. The values calculated for each roundabout are shown in the table below. In general, average deceleration is fairly smooth, always lower than 1 m/s². This means that motorcyclists are sufficiently aware in advance that they are approaching a roundabout and need to adjust their speed. As with the 1992 study conducted on light vehicles, we classified behaviours observed on approaching a roundabout into three typical strategies:
Approach area Negotiation area Acceleration area
Strategy #1: applying the brake once on approaching the roundabout, Strategy #2: applying the brake twice on approaching the roundabout, Strategy #3: no strategy adopted. Table 3 . Driving strategy adopted on approaching a roundabout.
Passenger cars (1992 study) Motorcycles
Strategy #1 40% 18%
Strategy #2 50% 78%
Strategy #3 10% 4%
Unlike light vehicle drivers, motorcyclists tend to adopt the strategy of braking twice. 78% of motorcyclists adopt this strategy, compared with 40% of light vehicle drivers.
Entry the roundabout
Here we tried to determine the moment when the motorcyclist chooses to enter the roundabout without stopping at the signal stop line. We studied the following criteria: maximum deceleration on upstream zone, release of the brakes and application of the throttle.
Motorcyclists achieve maximum deceleration between 30 m and 10 m before entry to the roundabout. 48% of these motorcyclists adopt this behaviour. Furthermore, 20% achieve maximum deceleration within the last 10 m before the roundabout. Unlike passenger cars drivers, motorcyclists show more consistent behaviour when decelerating on approaching a roundabout. 20% of them decelerate 40 metres before the roundabout, and just as many decelerate in the last 10 metres. However, for passenger car drivers, peak deceleration is between -30 m and -10 m (in 75% of cases). Unlike the above, the behaviour of motorcyclists is more inconsistent as regards the end of braking area. They have a tendency to anticipate braking more than passenger car drivers. Therefore, almost 90% of passenger car drivers release the brake pedal within 20 metres before the roundabout, compared with almost 20% of motorcyclists. It appears that motorcyclists make the decision to enter the roundabout a long time before light vehicle drivers. These findings are supported by data relating to the application of the throttle, analysed in the next paragraph. Like passenger car drivers, almost half (46%) of motorcyclists accelerate within 20 meters before the roundabout. However, for other acceleration distances however, there is a significant difference between passenger car drivers and powered two wheeler riders. On motorcycles, the throttle is applied after more than a 20 m distance. It appears that motorcyclists avoid accelerating sharply when the motorcycle is leaning while rounding the bend. In this case, acceleration only occurs on exit from the roundabout, unlike passenger car which accelerate as soon as they enter the roundabout. The act of releasing the throttle in order to reduce speed varies greatly depending on the roundabout, which can be located in a variety of different environments (urban, peri-urban and rural roads). However, it is observed, however, that when the roundabout has a large outer radius, deceleration occurs sooner (e.g.: Roundabout #1 / Rg=40 m / Release of throttle -240/-50 m -Roundabout #9 / Rg=15 m / Release of throttle -70/-10 m). This is not directly related to the radius of the roundabout but to the "perception of the roundabout layout by motorcyclists based on two criteria: upstream visibility and legibility of the roundabout, i.e. seeing and understanding how the intersection operates" (Recommendations for the consideration of PTWs -CERTU -2011).
Behaviour in relation to the characteristics of the roundabout
It is observed that, on a dry road, the motorcyclist needs 150 m, on average, to decelerate before entering the roundabout in addition to reaction time, while this distance is much greater on a wet road. It should be noted that the French guide on the layout of interurban intersections on main roads (ACI) states that "the splitter island identified by a "keep right" (J5) sign and the central island should be visible at 250 m, complying with the conventional conditions taken into account for the calculation of obstacle visibility" (SETRA -December 1998). This recommendation is therefore a minimum requirement that could be confirmed by further studies. 
Negotiation zone
The negotiation zone is the area located between the entrance and the exit. We analysed the following parameters for this area: speed, application of the throttle, lean angle and way.
Locating where the motorcyclist begins to exit the roundabout is difficult, as it varies depending on the roundabout and the way followed by the motorcyclist. We therefore considered that the motorcyclist begins to exit the roundabout on the third time s/he changes his/her lean angle, the first time being when the motorcyclist changes the lean angle on the roundabout. The increase in speed on the roundabout ranges from 2 km/h to 11 km/h. The speed on exit from a roundabout is always greater than the speed on entry to the roundabout. This observation, which was already made for passenger car during the 1992 study, reinforces the roundabout design rule that exit radius should be greater than entry radius, so as not to increase lateral constraint on vehicles. However, the difference between the speed on entry to and exit from a roundabout tends to be lower for motorcycles than for passenger car (1992 study). Two hypotheses can be suggested: firstly, the speed on entry to roundabouts is higher for motorcycles than passenger cars; secondly, the lean angle adopted to navigate and exit a roundabout is a factor which limits increase in speed (see paragraph below). Some roundabouts provide a significant room for manoeuvre (Roundabout #1 for instance). This leads to rather diverse behaviours. Other roundabouts, however, are more constrictive, resulting in more consistent behaviour. We find the same behaviour patterns as those observed during the study on passenger cars, i.e. very diverse behaviour on approaching a roundabout, but similar behaviour on the circulatory roadway itself. or all roundabouts, it appears that the lowest lean angle occurs on entry to the roundabout, when the speed is lowest. Afterwards, the lean angle increases in order to navigate the roundabout, and reaches its maximum value on exit from the roundabout, in the acceleration phase. Therefore, if the lean angle on entry is generally between 10°and 15°, it is doubled on the circulatory roadway itself and on exit from the roundabout. However, the maximum values observed do not exceed 30°on a dry road. In the upstream zone, motorcyclists optimise their ways in order to minimise the lean angle. The entry radius is designed to constrain the user and make them slow down. Despite the entry radius being more constraining on roundabouts, motorcyclists minimise this entry constraint by reducing their speed and adopting a lower lean angle. In France, design rules recommend the use of a larger radius at exits. Greater lean angles were observed among motorcyclists, which means that they accelerate on exit from the roundabout. In order to complete French Recommendations for the consideration of motorcycles, contrary to common misconceptions, it is observed that motorcyclists use all of the usable width on entry to and exit from a roundabout, as well as on the circulatory roadway to cross the roundabout. "On roundabouts, motorcycles are particularly sensitive to the adhesion properties of the road surface, which may be impaired by the presence of fuel, gravel, watering systems, rough road sections, etc." No specific driving strategy was observed with the motorcyclists.
Motorcycle lean angle
Conclusion
In this paper, we offered a study on motorcycle behaviour at roundabouts. As regards the upstream zone, it appears that average deceleration is "smooth", at around 1 m/s² or less. This behaviour is similar to that of passenger cars. Like passenger cars, motorcyclists know very early on that they are arriving at a facility which requires a significant reduction in speed. On approach, most of the strategies observed include two brake applications (almost 80% for motorcycles / 50% for passenger cars). Maximum deceleration occurs within the last 30 metres before entry to the roundabout (70% for motorcycles / 80% for passenger cars), while the end of braking usually occurs before the last 20 metres (82% for motorcycles / 7% for LVs). The difference between passenger cars and motorcycles is strongly marked here. For motorcycles, the decision to enter the roundabout is usually made before the last 20 metres, unlike passenger cars. Speeds on entry to the roundabout are greater (30 to 40 km/h) than those observed in the previous study on passenger cars (25 to 35 km/h). Like passenger cars, motorcycles navigate roundabouts by slightly increasing their speed. This increase is lower than for passenger cars. However, acceleration on exit is sharper for motorcycles, and is generally between 1.0 and 1.5 m/s² (0.75 m/s² for passenger cars). Motorcycles can accelerate more powerfully than light vehicles; they also accelerate later than passenger cars. Powered two wheelers accelerate when they are no longer leaning on exit from the roundabout. In terms of cross-kinematics, the lean angles observed while crossing and exiting a roundabout are double those observed on entry to the roundabout. This is similar to the fact that passenger cars undergo greater transverse acceleration on exit from the roundabout. Regarding the ways followed, it was observed that motorcyclists use all of the usable width on entry to and exit from the roundabout, as well as on the circulatory roadway to cross the roundabout. This study reveals that:
"good perception of the roundabout (visibility and readability) on approach should be ensured", "design rules enabling a reduction in speed should be followed", the roundabout design rule should be maintained (exit R > entry R), a good level of friction on entry to a roundabout should be provided, particularly in the entry braking area (which starts 150 m before entry to the roundabout), on the circulatory roadway as well as on exit from the roundabout, up until the motorcyclist is no longer leaning, "aggressive obstacles on path centrelines located on the central island and in the immediate vicinity of each leg should be avoided", as well as obstacles located near the circulatory roadway, thereby reducing risk in the event of a fall, "the splitter island identified by a "keep right" (J5) sign and the central island should be visible at 250 m, complying with the conventional conditions taken into account for the calculation of obstacle visibility" (as preconized in the French guide on the layout of interurban intersections on main roads (ACI) -SETRA -December 1998).
This study provides knowledge on the behaviour of motorcyclists at roundabouts and help to assess, confirm and clarify various design rules.
